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Section 7 — Analyzing Data

Analyzing Data

Creful and complete analysis of the
data collected following an accident
IS critical to the accurate
determination of an accident’s causal
factors. The results of comprehensive

analyses provide the basis for corrective and
preventive measures.

The analysis portion of the accident
investigation is not a single, distinct part of
the investigation. Instead, it is the central
part of the iterative process that includes
collecting facts and determining causal
factors. Well chosen and carefully
performed analytical methods are important
for providing results that can aid
investigators in developing an investigation
report that has sound judgments of need.

1

TIP

Each board should determine which analytic
techniques to use based on the accidents
complexity and severity. Alternative
approaches and methods to those presented in
this workbook are acceptable, provided that
they meet the requirements of DOE Order
225.1A and are demonstrably equivalent.
1

Caution must be taken in applying analytic
methods. First, no single method will
provide all the analyses required to
completely determine the multiple causal
factors of an accident. Several techniques
that can complement and cross-validate one
another should be used to yield optimal
results. Second, analytic techniques cannot
be used mechanically and without thought.
The best analytic tools can become
cumbersome and ineffective if they are not
applied to an accident’s specific
circumstances and adapted accordingly.

7.1 Determining
Facits

Immediately following any serious accident,
much of the available information may be
conflicting and erroneous. The volume of
data expands rapidly as witness statements
are taken, emergency response actions are
completed, evidence is collected, and the
accident scene is observed by more
individuals.

The principal challenge of the investigation
board is to distinguish between accurate and
erroneous information in order to focus on
areas that will lead to identifying the
accident’s causal factors. This can be
accomplished by:

m Understanding the activity that was
being performed at the time of the
accident

m Personally conducting a walk-through of
the accident scene

m Challenging “facts” that are inconsistent
with other evidence (e.g., physical)

m Corroborating facts through interviews

m Testing or inspecting pertinent
components to determine failure modes
and physical evidence

m Reviewing policies, procedures, and
work records to determine the level
of compliance or implementation.

Accident Investigation Workbook/Rev 2
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|
TIP

Prevention is at the heart of the entire
investigation process; therefore, any
accident investigation must focus on fact-
finding, not fault-finding.

Fact-finding begins during the collection

of evidence. All sources of evidence

(e.g., accident site walk-throughs, witness
interviews, physical evidence, policy or
procedure documentation) contain facts that,
when linked, create a chronological depiction
of the events leading to an accident. Facts are
not hypotheses, opinions, analysis, or
conjecture. However, not all facts can be
determined with complete certainty, and such
facts are referred to as assumptions.
Assumptions should be reflected as such in
the investigation report and in any closeout
briefings.

Board members should immediately begin
developing a chronology of events as facts
and evidence are collected. Facts should be
reviewed on an ongoing basis to ensure
relevance and accuracy. Facts and evidence
later determined to be irrelevant should be
removed from the accident chronology but
retained in the official investigation file for
future consideration.

Contradictory facts can be resolved in closed
board meetings, recognizing that the
determination of significant facts is an
iterative process that evolves as gaps in
information are closed and questions
resolved. The board revisits the prescribed
scope and depth of their investigation often
during the fact-finding and analysis process.
Doing so ensures that the investigation
adheres to the parameters prescribed in the
board’s appointment memorandum.

Causal factors of an accident are identified by
analyzing the facts. Judgments of need, and
the subsequent corrective actions, are based
on the identified causes of the accident.
Therefore, the facts are the foundation of all
other parts of the investigative process.

7.2 Determining
Causal Factors

TIP

The process of determining causal factors
seeks to answer the questions — what
happened and why did it happen?

Causal factors are the events and conditions
that produced or contributed to the
occurrence of the accident. There are three
types of causal factors:

m Direct cause
m  Contributing causes
m  Root causes.

7.2.1 Direct Cause

The direct cause of an accident is the
immediate events or conditions that caused
the accident. The direct cause should be
stated in one sentence, as illustrated in the
examples below.

EXAMPLES:
ACCIDENT DIRECT CAUSES

B The direct cause of the accident was
contact between the chisel bit of the air-
powered jackhammer and the 13.2 kV
energized electrical cable in the sump pit
being excavated.

B The direct cause of the accident was the
inadvertent activation of electrical circuits
that initiated the release of CO, in an

occupied space.

Identifying the direct cause of an accident is
optional. While it may not be necessary to
identify the direct cause in order to complete
the causal factors analysis, the direct cause
should be identified when it facilitates
understanding why the accident occurred or
when it is useful in developing lessons
learned from the accident.

|
7-2
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7.2.2 Contributing Contributing causes may be longstanding
Causes conditions or a series of prior events that,
alone, were not sufficient to cause the

Contributing causes are events or conditions ~ @ccident, but were necessary for it to occur.

that collectively with other causes increased ~ Contributing causes are the events and
the likelihood of an accident but that conditions that “set the stage” for the accident

individually did not cause the accident. and, if allowed to persist or re-occur, increase
the probability of future accidents.

Table 7-1. Case study introduction.

Case Stupy

This section of the workbook begins with a case study of an electrical accident. Itis
selectively referenced throughout this and subsequent sections to illustrate the
process of determining facts and the use of six analytic techniques: four core
techniqgues commonly used in DOE accident investigations, and two tree-based
techniques. In this workbook, particular emphasis is placed on these techniques
because they can be used in most accident investigations. However, for extremely
complex accidents, additional, more sophisticated techniques may be needed that
require specialized training. Training for these techniques is beyond the scope of this
workbook and can be obtained through government, private, and university sources.

AccIDENT DESCRIPTION

The accident occurred at approximately 9:34 a.m. on January 17, 1996, in Building
XX, during the excavation of a sump pit in the floor of the building. Workers were
attempting to correct a waste stream outfall deficiency. Two workers arrived at the job
site at approximately 8:40 a.m. and resumed the excavation work begun the previous
day. The workers were employed by WS, the primary subcontractor for construction
and maintenance. They used a jackhammer, pry bar, and shovel to loosen and
remove the rubble from the sump pit. At about 9:34 a.m., at a depth of 39 inches,
Worker A, who was operating the jackhammer, pierced the conduit containing an
energized 13.2 kV electrical cable. He was transported to the local medical center,
where cardiac medications were administered.

AccIDeENT FacTs

Using the case study accident, the following three factual statements were derived
during the investigation:

B The injured worker had not completed safety training prior to the accident, as
required by WS Environment, Safety, and Health Manual Procedure 12340.

m  Design drawings for the project on which the injured employee was working did
not comply with the requirements of DOE Order 6430.1A, General Design Criteria,
and did not show the location of the underground cable.

m A standing work order system, without a safety review, was used for nonroutine,
nonrepetitive tasks.

Accident Investigation Workbook/Rev 2 T
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EXAMPLES:
ACCIDENT CONTRIBUTING CAUSES

B Failure to implement safety
procedures in effect for the project
contributed to the accident.

B Failure to erect barriers or post
warning signs contributed to the
accident.

B The standing work order process was
used by facility personnel as a
convenient method of performing work
without a job ticket and work package,
allowing most work to be field-
directed.

B Inadequate illumination in the area of
the platform created visibility problems
that contributed to the fall from the

platform.

7:.2.3 Root Causes

Root causes are the causal factors that, if

corrected, would prevent recurrence of the
same or similar accidents. Root causes may

be derived from or encompass several

contributing causes. They are higher-order,

fundamental causal factors that address
classes of deficiencies, rather than single

problems or faults. Correcting root causes

would not only prevent the same accident
from recurring, but would also solve line

management, oversight, and management

system deficiencies that could cause or
contribute to other accidents. They are
identified using root cause analysis (see
Section 7.3.5).

In many cases, root causes are failures to

properly implement the principles and core
functions of integrated safety management.

Root causes can include failures in
management systems to:

m Define clear roles and responsibilities
for safety

m  Ensure that staff are competent to
perform their responsibilities

m  Ensure that resource use is balanced to

meet critical mission and safety goals
m  Ensure that safety standards and

requirements are known and applied to

work activities

m  Ensure that hazard controls are tailored
to the work being performed

m  Ensure that work is properly reviewed
and authorized.

TIP

Even though the board should avoid placing
individual blame for an accident, the board
has an obligation to seek out and report all
causal factors, including deficiencies in
management, safety, or line management
oversight systems.

Root cause statements, as shown in the
examples below, should identify the DOE
and contractor line organizations responsible
for the safety management failures. Root
cause statements should also identify the
specific management system(s) that failed.

EXAMPLES:
ACCIDENT ROOT CAUSES

B Contractor management and the DOE field
office failed to clearly define responsibilities
for safety reviews of planned work. The lack
of clarity in roles and responsibilities for
safety reviews was a root cause of the
accident.

B Contractor management allowed the
standing work order process, intended for
routine work, to be used to accomplish non-
routine, complex modification and
construction work. DOE field office oversight
failed to detect and ensure correction of this
practice. Misuse of the standing work order
process was a root cause of the accident.

B Contractor management systems were
ineffective in translating lessons learned
from past occurrences into safer day-to-day
operations at the facility. The failure to
implement lessons learned was a root cause
of the accident.

B Assessments performed by the DOE
program office failed to identify that some
safety standards were not addressed by
contractor safety management systems.

Implementation of these requirements would

have prevented the accident.

—
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7.2.4 The iImportance
of Causal Factors

The primary purpose of any accident
investigation is to help line management
prevent recurrence of accidents by
identifying all of an accident’s causal
factors. The board is responsible for
identifying the local causal factors that, if
corrected, would prevent another accident
from occuring when the same work activity
is performed again. However, more is
required than simply detecting and removing
immediate hazards. The board is also
responsible for identifying and describing
any failures in management systems and
oversight processes that allow hazards to
exist that could lead to other accidents at
other facilities and DOE sites. Modern
accident investigation theory indicates that
generally the root causes of accidents are
found in management system failures, not in
the most directly related causal factor(s) in
terms of time, location, and place.

Generally, the higher the level in the
management and oversight chain at which a
root cause is found, the broader the scope of
the activities that the root cause can affect.
Because these higher-level root causes, if
not corrected, have the largest potential to
cause other accidents, it is incumbent on a
board to ensure that the investigation is not
ended until the root causes are identified. If
a board cannot identify root causes, this
should be stated clearly in the investigation
report, along with an explanation.

7.3 Using the Core
Analytical
Techniques

DOE accident investigation boards
commonly use four techniques to analyze
the factual information they have collected,
to identify conditions and events that
occurred before and immediately following
an accident, and to determine an accident’s
causal factors.

1
TIP

The purpose of any analytic technique in an
accident investigation is to answer the
guestion — “How did it happen?” It is the
job of the board to apply whatever
techniques can help them determine the

causal factors of an accident.
.|

Following are descriptions of and
instructions for using these four core
analytic techniques:

m  Events and causal factors charting and
analysis

m  Barrier analysis
m  Change analysis

m  Root cause analysis.

Z.3.1 Evenis and
Causal Factors
Charting

Accidents rarely result from a single cause.
Events and causal factors charting is useful in
identifying the multiple causes and graphically
depicting the triggering conditions and events
necessary and sufficient for an accident to
occur.

For purposes of this workbook, events and
causal factorshartingand events and causal
factorsanalysis(see Section 7.3.4) are
considered one technique. They are addressed
separately because they are conducted at
different stages of the investigation. Events
and causal factors charting is a graphical
display of the accident’s chronology and is
used primarily for compiling and organizing
evidence to portray the sequence of the
accident’s events. Itis a continuous process
performed throughout the investigation.
Events and causal factors analysis is the
application of analysis to determine causal
factors by identifying significant events

and conditions that led to the accident. As the
results of other analytical techniques (e.g.,
change analysis and barrier analysis) are

Accident Investigation Workbook/Rev 2

|
7-5



Section 7 — Analyzing Data

Part Il

completed, they are incorporated into the

events and causal factors chart. After the chart

is fully developed, the analysis is performed to
identify causal factors.

Events and causal factors charting is possibly
the most widely used analytic technique in
DOE accident investigations, because the
events and causal factors chart is easy to
develop and provides a clear depiction of the
data. By carefully tracing the events and
conditions that allowed the accident to occur,
board members can pinpoint specific events
and conditions that, if addressed through

corrective actions, would prevent a recurrence.

The benefits of this technique are highlighted
in Table 7-2.

TIP

To identify causal factors, board members
must have a clear understanding of the
relationships among the events and the
conditions that allowed the accident to
occur. Events and causal factors charting
provides a graphical representation of these
relationships.

Constructing the Chart. Constructing the
events and causal factors chart should
begin immediately. However, the initial
chart will be only a skeleton of the final
product. Many events and conditions will
be discovered in a short amount of time,
and therefore, the chart should be updated
almost daily throughout the investigative
data collection phase. Keeping the chart
up-to-date helps ensure that the
investigation proceeds smoothly, that gaps
in information are identified, and that the
investigators have a clear representation
of accident chronology for use in

evidence collection and witness
interviewing.

Investigators and analysts can construct
an events and causal factors chart using
either a manual or computerized method.
Accident investigation boards often use
both techniques during the course of the
investigation, developing the initial chart
manually and then transferring the
resulting data into computer programs.

Table 7-2. Benefits of events and causal factors charting.

affecting these events

accident

B Conveying the possibility of multiple causes

the investigators

causes in the investigation report.

The benefits of events and causal factors charting include:

B |llustrating and validating the sequence of events leading to the accident and the conditions

B Showing the relationship of immediately relevant events and conditions to those that are associated
but less apparent — portraying the relationships of organizations and individuals involved in the

B Directing the progression of additional data collection and analysis by identifying information gaps

B Linking facts and causal factors to organizational issues and management systems

B Validating the results of other analytic techniques

B Providing a structured method for collecting, organizing, and integrating collected evidence

B Providing an ongoing method of organizing and presenting data to facilitate communication among

B Clearly presenting information regarding the accident that can be used to guide report writing

B Providing an effective visual aid that summarizes key information regarding the accident and its

Accident Investigation Workbook/Rev 2
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The manual method employs removable
adhesive notes to chronologically depict
events and the conditions affecting these
events. The chart is generally constructed
on a large conference room wall or many
sheets of poster paper. Accident events
and conditions are recorded on removable
adhesive notes and affixed sequentially to
the wall in the board’s conference room or
“command center.” Because the exact
chronology of the information is not yet
known, using removable adhesive notes
allows investigators to easily change the
sequence of this information and to add
information as it becomes available.
Different colored notes or inks can be
used to distinguish between events and
conditions in this initial manual
construction of the events and causal
factors chart.

If the information becomes too unwieldy
to manipulate manually, the data can be
entered into a computerized analysis
program. Using specialized analytical
software, investigators can produce an
events and causal factors graphic, as well
as other analytical trees or accident
models.

Whether using a manual or a
computerized approach, the process
begins by chronologically constructing,

from left to right, the primary chain of
events that led to an accident. Secondary
and miscellaneous events are then added
to the events and causal factors chart,
inserted where appropriate in a line above
the primary sequence line. Conditions
that affect either the primary or secondary
events are then placed above or below
these events. Figure 7-1 illustrates the
basic format of the events and causal
factors chart. Guidelines for constructing
the chart are shown in Table 7-3.

A sample summary events and causal
factors chart (Figure 7-2) uses data from
the case study accident. It illustrates how
data may become available during an
accident investigation, and how a chart
would first be constructed and
subsequently updated and expanded.

Depending on the complexity of the
accident, the chart may result in a very
large complex sequence of events
covering several walls in the “command
center.” For the purpose of inclusion in
the investigation report and closeout
briefings, the chart is generally
summarized. Note that “assumed
conditions” appear in the final chart.
These are conditions the board presumed
affected the accident sequence, but the
effect could not be substantiated with
evidence.

Figure 7-1. Simplified events and causal factors chart.

oo

Secondary
Events Secondary > Secondary
Sequence Event1l Event 2
Primary ¢
Events Event 1 Ly
Sequence

Event 2 > Event1
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7.3.2 Barrier Analysis

Barrier analysis is based on the premise
that hazards are associated with all
accidents. Barriers are developed and
integrated into a system or work process to
protect personnel and equipment from
hazards (see Figure 7-3). For an accident to
occur, there must be:

m A hazard, which comes into contact
with

m A target, because

m  Barriers or controls were unused or
failed.

A hazard is the potential for an unwanted
energy flow to result in an accident or
other adverse consequence. Energy flow
is the transfer of energy from its source to
another destination. This transfer of
energy can be either wanted or unwanted.
For example, the flow of electricity
through an electrical cable to a piece of
equipment is a desired energy flow. A
worker coming into contact with that
electricity is an undesired energy transfer.
As used here, energy is defined broadly
and could be, for example, kinetic,
biological, acoustical, chemical,

electrical, mechanical, potential,
electromagnetic, thermal, or radiation.

Table 7-3. Guidelines and symbols for preparing an events and causal factors chart.

Symbols O — Events
¢ — Accidents

> — Conditions

— — Connect events

— Presumptive events
¢:» — Presumptive conditions or assumptions

--> — Connect conditions
> — Transfers one line to another
LTA — Less than adequate; a judgment of the board

Events

platform”)

Are active (e.g., “crane strikes building”)

Should be stated using one noun and one active verb

Should be quantified as much as possible and where applicable (e.g.,
“the worker fell 26 feet,” rather than, “the worker fell off the

®  Should indicate the date and time of the event, when they are known
Should be derived from the event or events and conditions
immediately preceding it.

Conditions

Are passive (e.g., “fog in the area”)

Describe states or circumstances rather than occurrences or events
As practical, should be quantified

Should indicate date and time if practical/applicable

Are associated with the corresponding event.

Primary Event
Sequence

Encompasses the main events of the accident and those that form the
main events line of the chart.

Secondary
Event
Sequence

Encompasses the events that are secondary or contributing events and
those that form the secondary line of the chart.

7-8
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Figure 7-2. Sample of an events and causal factors chart (in progress).
Legend
Stage 1:
(Facts available at the time of board’s arrival on site) [ ] Event
> condition
Pipefitters arrive . . Worker <> Accident
on site to begin | | Concrete slab is strikes 13.2 kV
work preparations cutand removed primary feeder D Transfer
1/10/96 cable
g34am. LTA Less Than
Adequate
Stage 2:

(Facts and conditions known after reviewing witness statements

Preliminary
drawings place
sump at basement
entry doorway

Pipefitters arrive
on site to begin
work preparations
1/10/96

Pipefitters identify
need to relocate
sump 1/10/96

Concrete slab is
cut and removed

Stage 3:

Worker
strikes 13.2 kV
primary feeder
cable
9:34 a.m.

and conducting walk-through)

Potential for 13.2 kV

still exists

Potential for 13.2 kV

still exists

Worker slumps
forward over
jackhammer

Worker pulls laborer
into upright position
(jackhammer still
positioned on
worker)

(Additional facts obtained from interviews and document reviews. Note few conditions have been determined thus far.)

Preliminary
drawings place
sump at basement
entry doorway

WS pipefitter
foreman (acting)
receives work
package

Pipefitters receive
work package

[| work preparations

Pipefitters arrive
on site to begin

1/10/96

Pipefitters identify
need to relocate
sump 1/10/96

WS performs
safety checklist

Facility manager is
not aware of
basement work
1/16/96

WS does not
have procedures of
PPE requirements
or jackhammering

Concrete slab is
cut and removed

Foreman inquires
about excavation
[ | permit requirements
1/16/96

Dirt is removed by
masonry crew with
jackhammer,
shovel, and pry bar
1/17/96 8:40 a.m.

Worker
strikes 13.2 kV
primary feeder
cable
9:34 a.m.

Potential for 13.2 kV

still exists

Potential for 13.2 kV
still exists

Worker slumps
forward over
jackhammer

Worker pulls laborer
into upright position
(jackhammer still
positioned on
worker)

Accident Investigation Workbook/Rev 2
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Figure 7-2. (Continued)

Stage 4:

(Facts and conditions known after interviews, reviews of documentary evidence)

WS work
package does not
identify underground
utilities

Pipefitter goes
on annual leave and
acting pipefitter

oreman assigned

WS pipefitter foreman (acting) receives

Pipefitters receive
work package

work package

Approval given by
engineering firm
oversight

drawings do not

Conceptual

clearly identify
underground

Preliminary Legend
drawings place
sump at basement l:l Event
entry doorway -
> condition
Pipefitters arrive .
on site to begin <> Accident
work preparations
171096 D Transfer
LTA Less Than
Adequate

Pipefitters verbally
communicate the
scope of work

Pipefitters identify
need to relocate
sump 1/10/96

| requestsump area

WS pipefitters

relocation above
grade

WS pipefitters
mark sump
location above
utility

WS electrician
goes to building to
note location of
sumps 1/11/96

WS checklist
does not address all
safety and health
concerns

Work control LTA

does not address all

WS checklist

safety and health
concerns

WS safety
inspections at
fire station raise
concerns about
requirements for
excavation permits,

WS performs
safety check list

Facility manager is
not aware of
basement work
1/16/96

Concrete slab is
cut and removed

[ | permit requirements

Foreman inquires
about excavation

1/16/96

WS does not
have procedures of
PPE requirements
or jackhammering

Dirtis removed by
masonry crew with
jackhammer,
shovel, and pry bar
1/17/96 8:40 a.m.

Worker
strikes 13.2 kV
primary feeder
cable
9:34 a.m.

Multiple indications
give perception
power is off

Potential for 13.2 kV

still exists

Multiple indications
give perception
power is off

Potential for 13.2 kV
still exists

Worker slumps
forward over
jackhammer

Worker pulls laborer
into upright position
(jackhammer still
positioned on
worker)
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Stage 5:

(Information known at the end of the investigation, edited to include only major events and conditions)

Work control LTA

WS work control
bypasses
supervisory review

ipefitter goes
on annual leave and
acting pipefitter

oreman assigned

WS electricians
make design
decision on work
package

PHA is not
performed as
required by WS
procedures

WS work
package does not
identify underground
utilities

Figure 7-2. (Continued)

.~ Mason foreman .

/' may not have seen
".sump work package.’

Preliminary
drawings place
sump at basement
entry doorway

work package

WS pipefitter foreman (acting) receives

Pipefitters receive
work package

Pipefitters arrive
on site to begin
work preparations
1/10/96

Work control LTA

No documentation
available for lateral
relocation of sump

Oversight routinely
approves deviations
informally by phone

Approval given by
engineering firm
oversight

“Sump relocation
:'may not have been
" fully considered

Conceptual
drawings do not
clearly identify
underground
ocation

Pipefitters do not
provide drawings,
work plans, or
permits

Pipefitters verbally
communicate the
scope of work

Pipefitters identify
need to relocate
sump 1/10/96

WS pipefitters

L | requestsump area || mark sump || goes to building to
relocation above location above note location of
grade utility sumps 1/11/96

WS pipefitters

WS electrician

Legend

Event
Condition
Accident

Transfer

Less Than
Adequate
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OSHA requirements
are not met

Evacuation permit
is not identified

WS checklist
does not address all
safety and health
concerns

- Pipefitters foreman -,

may not have

informed facility

.. manager _.-°

Management LTA

Work control LTA

Site formal
electrical safety
program is not
established

WS checklist

safety and health
concerns

Management LTA

does not address all

Pipefitters do
not know of indoor
excavation

Utility specialist
does not know of
indoor excavation

inspections at

fire station raise
concerns about
requirements for
excavation permits

WS performs
safety checklist

Facility manager is
not aware of
basement work
1/16/96

Concrete slab is
cut and removed

[ ] permit requirements

Foreman inquires
about excavation

1/16/96

" Mason may not "
. have been aware of ;
.. PPE requirements .’

OSHA
implementation LTA

WS does not
have procedures of
PPE requirements
or jackhammering

Dirtis removed by
masonry crew with
jackhammer,
shovel, and pry bar
1/17/96 8:40 a.m.

Worker
strikes 13.2 kV
primary feeder
cable
9:34 a.m.

Multiple indications
give perception
power is off

Potential for 13.2 kV

still exists

Multiple indications

give perception
power is off

Potential for 13.2 kV
still exists

Worker slumps
forward over
jackhammer

Worker pulls laborer
into upright position
(jackhammer still
positioned on
worker)

Part Il
Figure 7-2. (Continued)
Stage 5 Continued:
(Information known at the end of the investigation, edited to include only major events and conditions)
Legend
[ ] Event
(> condition
<> Accident
X Acting pipefitter
Electrical safety foreman does not Transfer
requirements LTA know of indoor
rzzﬁr‘ﬂ'ggt LTA Less Than
o Adequate
Training LTA
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Figure 7-3. Barriers are intended to protect personnal property against hazards.

Hazard

Barrier

Target
O

A target is a person or object that a hazard
may damage, injure, or fatally harm.

A barrier is any means used to control,
prevent, or impede the hazard from reaching
the target.

Investigators use barrier analysis to identify
hazards associated with an accident and the
barriers that should have been in place to
prevent it. This analysis addresses:

m Barriers that were in place and how they
performed

m Barriers that were in place but not used

m Barriers that were not in place but were
required

m The barrier(s) that, if present or
strengthened, would prevent the same or
a similar accident from occurring in the
future.

Figure 7-4 shows types of barriers that may
be in place to protect workers from hazards.

When analyzing barriers, investigators
should first consider how the hazard and
target could come together and what was in

place or was required to keep them apart.
Obvious physical barriers are those placed
directly on the hazard (e.g., a guard on a
grinding wheel); those placed between a
hazard and target (e.g., a railing on a
second-story platform); or those located on
the target (e.g., a welding helmet).
Management system barriers may be less
obvious, such as the exposure limits
required to minimize harm to personnel or
the role of supervision in ensuring that work
is performed safely. The investigator must
understand each barrier’s intended function
and location, and how it failed to prevent the
accident.

To analyze the performance of physical
barriers, investigators may need several
different types of data, including:

m Plans and specifications for the
equipment or system

m  Procurement and vendor technical
documentation

m [nstallation and testing records

Photographs or drawings

m  Maintenance histories.

Accident Investigation Workbook/Rev 2
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Figure 7-4. Barriers to protect workers from hazards.

Types of Barriers

Physical Barriers

Conduit

Equipment and
Engineering Design

Fences

Guard Rails
Masonry
Protective Clothing
Safety Devices
Shields

Warning Devices

To analyze management barriers,
investigators may need to obtain information
about barriers at three organizational levels
responsible for the work: the activity,
facility, and institutional levels. For
example, at the activity level, the
investigator will need information about the
work planning and control processes that
governed the work activity, as well as the
relevant safety management systems. This
information could include:

m  Organizational charts defining
supervisory and contractor management
roles and responsibilities for safety

m Training and qualification records for
those involved in the accident

m Hazard analysis documentation

m Hazard control plans

m  Work permits

Management Barriers

Hazard Analyses
Knowledge/Skills

Line Management Oversight
Requirements Management
Supervision

Training

Work Planning

Work Procedures

m  The work package and procedures that
were used during the activity.

The investigator may also need information
about safety management systems at the
facility level. This kind of information

might include:

m The standards and requirements that
applied to the work activity, such as
occupational exposure limits or relevant
Occupational Safety and Health
Administration regulations

m The facility technical safety
requirements and safety analysis report

m  Safety management documentation that
defines how work is to be planned and
performed safely at the facility

m The status of integrated safety
management implementation.

|
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The third type of information the
investigator may need would be information
about the institutional-level safety
management direction and oversight
provided by senior line management
organizations. This kind of information
might include:

m Policy, orders, and directives
m Budgeting priorities
m  Resource commitments.

The investigator should use barrier analysis
to ensure that all failed, unused, or
uninstalled barriers are identified and that
their impact on the accident is understood.
However, the investigator must cross-
validate the results with the results of other
core analytic techniques to identify which
barrier failures were contributory or root
causes of the accident.

Constructing a WorksheetA barrier

analysis worksheet is a useful tool in
conducting a barrier analysis. A blank
worksheet is provided at the end of this
section. Table 7-4 illustrates a worksheet
that was partially completed using data from
the case study. Steps used for completing
this worksheet are provided below.

TIP

Although a barrier analysis will identify the
failures in an accident scenario, the failures
may not all be causal factors. The barrier
analysis results directly feed into the events
and causal factors chart and subsequent

causal factors determination.
.|

Analyzing the Results.The results of

barrier analysis are first derived and
portrayed in tabular form, then summarized
graphically to illustrate, in a linear manner,
the barriers that were unused or that failed
to prevent an accident. Results from this
method can also reveal what barriers should
have or could have prevented an accident.

In the tabular format, individual barriers
and their purposes are defined. Each is
considered for its effectiveness in isolating,
shielding, and controlling an undesired path
of energy.

Figure 7-5 provides an example of a barrier
analysis summary. This format is
particularly useful for illustrating the results
of the analysis in a clear and concise form.
Figure 7-6 provides an example of a barrier
analysis summary that highlights the five
core functions of integrated safety
management. These summary charts are an
effective graphic in closeout briefings and in
the final report.

7.3.3 Change Analysis

Change is anything that disturbs the
“balance” of a system operating as planned.
Change is often the source of deviations in
system operations. Change can be planned,
anticipated, and desired, or it can be
unintentional and unwanted. Workplace
change can cause accidents, although
change is an integral and necessary part of
daily business. For example, changes to
standards or directives may require facility
policies and procedures to change, or
turnover/retirement of an aging workforce
will change the workers who perform

certain tasks. Change can be desirable, for
example, to improve equipment reliability or
to enhance the efficiency and safety of
operations. Uncontrolled or inadequately
analyzed change can have unintended
consequences, however, and result in errors
or accidents.

. __________________________________________________________________|
TIP

Change analysis is particularly useful

in identifying obscure contributing causes of
accidents that result from changes in

a system.
. __________________________________________________________________|

Accident Investigation Workbook/Rev 2
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Table 7-4. Sample barrier analysis worksheet.

Hazard: 13.2 kV electrical cable Target: Acting pipefitter

What were the How did each How did the barrier
barriers? barrier perform? Why did the barrier fail? affect the accident?

Engineering Drawings were Engineering drawings and | Existence of electrical
drawings incomplete and did | construction cable unknown

not identify specifications were not
electrical cable at procured

sump location
Drawings used were
preliminary

No as-built drawings were
used to identify location of

utility lines
Indoor excavation Indoor excavation Pipefitters and utility Opportunity to identify
permit permit was not specialist were unaware existence of cable
obtained of indoor excavation missed

permit requirements

Personal Personal No hazard controls were Pipefitter not protected
protective protective required for from electric shock
equipment equipment was jackhammering

not used

Basic Barrier Analysis Steps

Step 1: Identify the hazard and the target. Record them at the top of the worksheet. “13.2 kV
electrical cable. Acting pipefitter.”

Step 2: Identify each barrier. Record in column one. “Engineering drawings. Indoor
excavation permit. Personal protective equipment.”

Step 3: Identify how the barrier performed (What was the barrier’s purpose? Was the barrier
in place or not in place? Did the barrier fail? Was the barrier used if it was in place?)
Record in column two. “Drawings were incomplete and did not identify electrical cable
at sump location. Indoor excavation permit was not obtained. Personal protective
equipment was not used.”

Step 4: Identify and consider probable causes of the barrier failure. Record in column three.
“Engineering drawings and construction specifications were not procured. Drawings
used were preliminary, etc.”

Step 5: Evaluate the consequences of the failure in this accident. Record evaluation in
column four. “Existence of electrical cable unknown.”

? Accident Investigation Workbook/Rev 2
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Figure 7-5. Summary results from a barrier analysis reveal the types of barriers involved.

Roles and responsibilities unclear
Work scope not documented

Hazard unknown

Hazard unanalyzed
Standards/requirements not identified
Workers uninformed

Reviews bypassed

Procedures incomplete

Training incomplete

Required authorizations not received
Procedures not followed

Supervision ineffective

Stop work not used

Oversight ineffective

No electrical safety program

Management
Barriers

Design preliminary

No as-built drawings

Electrical conduit breached

13.2 kV cable insulation breached
Personal protective equipment not used

Hazard 13.2 kV energized electrical cable I

Physical
Barriers
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Figure 7-6. Summary results from a barrier analysis can highlight the role
of the core functions in an accident

Roles and responsibilities unclear
Work Design preliminary

Scope No as-built drawings

Work scope not documented

Hazard unknown
Hazard unanalyzed

A_'nzzla;?s Standards/requirements not identified
y Workers uninformed

Reviews bypassed

Electrical conduit breached
Hazard 13.2 kV cable insulation breached
Controls Procedures incomplete

Training incomplete

Required authorizations not received
Procedures not followed
Work . :
Within Personal protective equipment not used
Controls Supervision ineffective
Stop work not used
Oversight ineffective

Feedback | L€ssons learned in electrical safety not applied
Hazard 13.2 kV energized electrical cable I
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Change analysis examines planned or
unplanned changes that caused undesired
outcomes. In an accident investigation, this
technique is used to examine an accident by
analyzing the difference between what has
occurred before or was expected and the
actual sequence of events. The investigator
performing the change analysis identifies
specific differences between the accident-
free situation and the accident scenario.
These differences are evaluated to determine
whether the differences caused or
contributed to the accident. For example,
why would a system that operates correctly
99 times out of 100 fail to operate as
expected one time?

Conducting Change AnalysisChange
analysis is relatively simple to use. As
illustrated in Figure 7-7 it consists of six
steps. The last step, in which investigators
combine the results of the change analysis
with the results from other techniques, is
critical to developing a comprehensive
understanding of the accident.

When conducting a change analysis,
investigators identifghangesas well as the
resultsof those changes. The distinction is
important, because identifying only the
resultsof change may not prompt
investigators to identify all causal factors of
an accident.

The results of a change analysis can stand
alone, but are most useful when they are
combined with results from other
techniques. For example, entering change
analysis results into the events and causal
factors chart helps to identify potential
causal factors.

To conduct a change analysis, the analyst
needs to have a baseline situation. This
baseline situation can be:

m The same situation but before the
accident (e.g., previous shift, last week,
or last month)

m A model or ideal situation
(i.e., as designed or engineered).

Generally, it is recommended that boards
compare the accident sequence to the same
situation in an accident-free state—the
operation prior to the accident—to
determine differences and thereby identify
accident causal factors. In order for the
comparison to be effective, investigators
must have sufficient information regarding
this baseline situation.

1
TIP

In change analysis, differing events and
conditions are systematically reviewed and

analyzed to determine potential causes.
1

The following data sources can be a starting
point for acquiring a good working
knowledge of the system, facility, or process
under study prior to the accident or event;
however, the list of input requirements
should be tailored to fit the specific
circumstances and needs of the
investigation:

Blueprints

Equipment description documents
Drawings

Schematics

Operating and maintenance procedures
Roles and responsibilities
Job/task descriptions

Personnel qualifications

Results of hazard analysis
Performance indicators

Personnel turnover statistics.

A sample change analysis worksheet is
presented at the end of this section for
reference. This worksheet may be modified
as necessary to meet specific requirements.

To develop the information needed to conduct
a change analysis, it is useful for the board to
list any changes they identify from their
information-gathering activities on a poster
board set up in the board’s common meeting

Accident Investigation Workbook/Rev 2
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Figure 7-7. The change analysis process is relatively simple.

room. At the beginning of the investigation,
the board members should simply note the
changes they identify as they find them and
not worry about analyzing the significance of
the changes. Often, in the early stages of an
investigation, there is insufficient information
to determine whether a change is important or
not.

As the investigation progresses, it will
become clear that some of the changes noted
on the poster board are insignificant and can
be crossed off the list. The remaining
changes that seem to be important for
understanding the accident can then be
organized by entering them into the change
analysis worksheet.

Board members should first categorize the
changes according to the questions shown in
the left-hand column of the worksheet. That
is, the board should determine if the change
pertained to, for example, a difference in:

® What events, conditions, activities, or
equipment were present in the accident
situation that were not present in the
baseline (accident-free, prior, or ideal)
situation (or vice versa)

m  When an event or condition occurred or
was detected in the accident situation
versus the baseline situation

Describe
accident
situation
Analyze
Identify differences for
Compare > differences > effect on
accident
Describe l
comparable
accident-free Input results
situation into events
and causal
factors chart

m  Where an event or condition occurred
in the accident situation versus where an
event or condition occurred in the
baseline situation

®  Who was involved in planning,
reviewing, authorizing, performing, and
supervising the work activity in the
accident versus the accident-free situation

® How the work was managed and
controlled in the accident versus the
accident-free situation.

Reviewing the worksheet may also prompt
the investigators to identify additional
changes that were not originally listed.

To complete the remainder of the worksheet,
first describe each event or condition of
interest in the column labeled, “Accident
Situation.” Then describe the related event or
condition that occurred (or should have
occurred) in the baseline situation in the
column labeled, “Prior, Ideal, or Accident-
Free Situation.” The difference between the
events and conditions in the accident and the
baseline situations should be briefly described
in the column labeled, “Difference.” As a
group, the board should then discuss the effect
that each change had on the accident and
record the evaluation in the final column of
the worksheet.

|
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Table 7-5 shows a patrtially completed
change analysis worksheet containing
information from the case study to
demonstrate the change analysis approach.
The worksheet allows the user to compare
the “accident situation” with the “accident-
free situation” and evaluate the differences
to determine each item’s effect on the
accident.

A change analysis summary, as shown in
Table 7-6, is generally included in the
accident investigation report. It contains a
subset of the information listed in the
change analysis worksheet. The differences
or changes identified can generally be
described as causal factors and should be
noted on the events and causal factors chart
and used in the root cause analysis, as
appropriate.

Note: A potential weakness of change
analysis is that it does not consider the
compounding effects of incremental change
(for example, a change that was instituted
several years earlier coupled with a more
recent change). To overcome this weakness,
investigators may choose more than one
baseline situation against which to compare
the accident scenario. For example,
decreasing funding levels for safety training
and equipment may incrementally erode
safety. Comparing the accident scenario to
more than one baseline situation (for
example, one year ago) and five years ago
and then comparing the one- and five-year
baselines with each other can help identify
the compounding effects of changes.

7.3.4 Evenits and
Causal Factors
Analysis

The following describes the process for
using the events and causal factors chart to
determine the causal factors of an accident.
This process is an important first step in
later determining the root causes of an
accident. The results of this analysis can be
used with a tier diagram (see Section
7.3.5.1) if desired. The quality and accuracy

of root cause analysis depends on the results
of the events and causal factors analysis.
Therefore, the events and causal factors
analysis must be complete and thorough.

Events and causal factors analysis requires
deductive reasoning to determine which
events and/or conditions contributed to the
accident.

Getting started.Before starting to analyze
the events and conditions noted on the chart,
an investigator must first ensure that the
chart contains adequate detail. Both a
change analysis and a barrier analysis
should be conducted and the results
incorporated into the chart before the
analysis begins. Also, the board members
must resolve any obvious gaps in data
before this analysis begins.

By the time the board is ready to conduct a
preliminary analysis of the chart, a great
deal of time will have been devoted to
adding, removing, and rearranging events
and conditions on the chart. In all
likelihood, the chart will be lengthy,
possibly containing 100 events or more.
Given the magnitude of data, one can
become overwhelmed with where to begin
identifying causal factors. It is easiest and
most efficient to begin with the event on the
chart that immediately precedes the accident
and work backwards.

Conducting the Analysis.Examine the first
event that immediately precedes the
accident. Evaluate its significance in the
accident sequence by asking, “If this event
had not occurred, would the accident have
occurred?” If the answer is, “The accident
would have occurred whether this event
happened or not” (e.g., worker punched in to
work at 0700), then the event is not
significant. Proceed to the next event in the
chart, working backwards from the accident.

If the answer to the evaluation question is,
“The accident would not have occurred
without this event,” then determine whether
the event represented normal activities with

Accident Investigation Workbook/Rev 2
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Factors

WHAT

Conditions,
occurrences, activities,
equipment

Accident Situation

1. Design and ES&H reviews
were not performed.

2. Established review process
was bypassed.

3. Hazards associated with the
work being performed were
not identified. No review
of as-built drawings.

No excavation permit.
No underground utility
survey.

Table 7-5. Sample change analysis worksheet.

Prior, Ideal, or Accident-Free
Situation

1. Project design and ES&H review
are performed by appropriate
groups to ensure adequate
review and the safety and health
of employees.

2. Construction packages are
approved by facilities project
delivery group.

3. A preliminary hazard analysis is
performed on all work.

Difference

1. Environmental Group
assumed design role and
removed ES&H review from
task.

2. Environmental Group
approved work packages.

3. No preliminary hazard
analysis was performed on
construction task.

Evaluation of Effect

1. Design and ES&H
reviews were not
performed, contributing
to the accident.

2. Construction packages
were not approved by
facilities group.

3. Hazards were not
identified, contributing
to the accident.

WHEN
Occurred, identified,
facility status, schedule

WHERE
Physical location,
environmental

Sump location was placed above
a 13.2 kV electrical line.

Sump is placed in a non-hazardous
location.

Inadequate design allowed sump
to be located above a 13.2 kV
line.

Sump location was placed
above an electrical line,
which was contacted by a

conditions worker jackhammering in
the area.

WHO Environmental Group assumed Environmental Group serves as an Support organization took Lack of oversight on project.

Staff involved, training, | line responsibility for project. oversight/support organization to responsibility of line function for

qualification, assist line management in project. project management.

supervision

HOW Management allowed Management assures that work is Hazards analysis was not Hazards were not identified,

Control chain,
hazard analysis
monitoring

Environmental Group to oversee
construction tasks.

performed by qualified groups.

conducted.

contributing to the accident.

OTHER

NOTE:

The factors in this worksheet are only guidelines but are useful in directing lines of inquiry and analysis.
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the expected consequences. If the event was

intended and had the expected outcomes,
then it is not significant. However, if the
event deviated from what was intended or
had unwanted consequences, then itis a
significant event.

Carefully examine the events and conditions

associated with the significant event by

asking a series of questions about this event

chain, such as:

Why did this event happen?

What events and conditions led to the
occurrence of the event?

What went wrong that allowed the event

m  Why did these conditions exist?

How did these conditions originate?

m  Who had responsibility for the
conditions?

m Are there any relationships between
what went wrong in this event chain and
other events or conditions in the
accident sequence?

m [s the significant event linked to other
events or conditions that may indicate a
more general or larger deficiency?

The significant events, and the events and
conditions that allowed the significant
events to occur, are the accident’s causal
factors.

to occur?

Table 7-6. Case Study: Change analysis summary.

Prior or Ideal Condition

Environmental Group
serves as an oversight/
support organization to
assist line management in
project.

Present Condition

Environmental Group
assumed line responsibility
for project.

Difference (Change)

Support organization takes
responsibility for a line function.

Project design and ES&H
reviews are performed by
appropriate groups to
ensure adequate review
and the safety and health
of employees.

Environmental Group
assumed design role and
removed ES&H review
from task.

Design and ES&H reviews
were not performed.

Work is stopped when
unexpected conditions are
found.

Work continued.

No opportunity to analyze and
control hazards of different
work conditions.

A preliminary hazard
analysis is performed on
all work.

No preliminary hazard
analysis was performed on
maintenance task.

Hazards associated with the
work being performed were not
identified. No review of as-built
drawings. No excavation
permit. No underground utility
survey.

Sump is placed in a non-
hazardous designated
location.

Sump was located above a
13.2 kV electrical line.

Inadequate design allowed
sump to be located above a
13.2 kV line.

Accident Investigation Workbook/Rev 2
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Repeat this questioning process for every
event in the chart. As a causal factor is
identified, write a summary statement that
describes the causal factor on an adhesive
note of a unique color and place the note
above the event chain from which it was
derived, as shown in Figure 7-8, when
constructing the chart manually. If a
computer graphics program is used to
construct the chart, use a hexagon to
represent causal factors.

Sometimes events and conditions from

several different event chains are related and

suggest a larger, more significant causal
factor. For example, in two side-by-side
event chains, the conditions “procedure did
not address electrical hazard” and “electrical
hazard not discussed in pre-job brief” may

indicate that the electrical hazard was not
identified in the hazard analysis for the
activity. In such a case, the investigator can
write up a causal factor concerning the
hazard analysis, place it on the chart, and
connect it with an arrow to the two event
chains from which it was derived (see
Figure 7-9). Alternatively, the investigator
can record the same causal factor twice and
place it above each of the applicable event
chains.

. __________________________________________________________________|
TIP

Not all event chains will produce causal
factors. However, it is important to prepare
a complete set of events in order to
understand the circumstances leading up to
the accident and to assure that all

significant events have been identified.
. __________________________________________________________________|

Figure 7-8. Events and causal factors analysis; driving events to causal factors.

Event Chain

Ask guestions to
determine causal
factors (why, how,
what, and who)

Causal Factor
Causal Factor A

@ Why did the system
allow the conditions
@ to exist?
Why did this

How did the conditions originate?
= (==

event happen?

Event > Event »

Event »

Event
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Figure 7-9. Grouping root causes on the events and causal factors chart.

ROOT CAUSE
M

Responsibility

XYz
considers
contract
termination
8/96

Work
restrictions
not
implemented

RST resists
implementing
safety
requirements

History of
safety
problems

Does not
implement
contractual
responsibility &
accountability

Procedure
compliance
and
enforcement
problems

P.E. was told
by doctor
about
restrictions

RST begins
construction on ||

Safety violations RST receives XYZ steps up

in program  letter of PE.'s I severity of safety

Legend

l:l Event
Q Condition

<> Accident
D Transfer
DRootCause

ROOT CAUSE
- Safety Policy
implementation

Work
restrictions
not
promulgated

Work
restrictions

Extent of
medical
problem not
known by

anagement,

Failure to
implement
safety
esponsibilities

P.E. suffered
from advanced
diabetes

BA-RE 9/23/93 identified 11/94 work restrictions enforcement

10/96 5/95

After these steps have been completed for
each event on the chart, the process should
be repeated with all board members to
ensure that nothing has been overlooked and
that consensus has been reached.

When the board is satisfied that all causal
factors have been identified on the chart,
efforts can then be focused on initiating the
root cause analysis.

7.3.5 Root Cause
Analysis

TIP

Root cause analysis should be conducted for
every occurrence, regardless of severity or
complexity. Minor incidents often
foreshadow more serious events.

Accidents are symptoms of larger problems
within a safety management system.
Although accidents generally stem from
multiple causal factors, correcting only the
local causes of an accident is analogous to
treating only symptoms and ignoring the
“disease.” To identify and treat the true
ailments in a system, the root causes of an
accident must be identified. Root cause
analysis is any technique that identifies the

RST tasked to
implement medical
surveillance
program and work
restrictions

XYZ directs
replacement of

RST manager
counsels P.E. On
— ting habit;
Superintendent o mlgz/ga5 "
11/29/95

| RST safety

underlying deficiencies in a safety
management system that, if corrected,
would prevent the same and similar
accidents from occurring.

Root cause analysis is a systematic process
that uses the facts and results of the core
analytic techniques to determine the most
important reasons for the accident. Root cause
analysis is not an exact science and therefore
requires a certain amount of judgment. The
intent of the analysis is to identify and address
only those root causes that can be controlled
within the system being investigated,
excluding events or conditions that cannot be
reasonably anticipated and controlled, such as
some natural disasters. The core analytic
technigues—events and causal factors,
analysis, barrier analysis, and change
analysis—provide answers to an investigator’s
guestions regarding what, when, where, who,
and how. Root cause analysis is primarily
performed to resolviine question, “Why?”

Once several (or all) of the recommended
core analytic techniques have been
performed, the accident investigation board
should have a broad understanding of the
accident’s events and conditions, along with
a fairly extensive list of suspected causal
factors. A root cause analysis is performed
to refine the list of causal factors and

Accident Investigation Workbook/Rev 2
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categorize each according to its significance
and impact on the accident.

There may be more than one root cause of
a particular accident, but probably not more
than three or four. If more are thought to
exist at the conclusion of the analysis, the
board should re-examine the list of causal
factors to determine which causes can be
further combined to reflect more
fundamental (root) causes. This section
provides some examples of root cause
analysis and discusses analytical tools that
can help accident investigators determine
the root causes of an accident.

1
TIP

In any accident, there may be a series of
causal factors, one leading to another. One
of the most important responsibilities of the
investigation board is to pursue each factor
in the series until the board is assured that

actual root causes are identified.
.|

Conducting the analysisTo initiate a root
cause analysis, the facts surrounding the
accident must be known. In addition, the
facts must be analyzed using other analytic
methods to ascertain an initial list of causal
factors. A rather exhaustive list of causal
factors must be developed prior to the
application of root cause analysis to ensure
that final root causes are accurate and
comprehensive.

. __________________________________________________________________|
TIP

If a root cause analysis is attempted before
all the significant facts are known or the full
spectrum of causal factors is determined, it
is likely that the systemic root causes will

not be discovered.
.|

The board should examine the evidence
collected from the accident scene, witness
statements, interviews, and facility
documents. It should then determine
whether additional information will be
needed for the particular root cause
technique they are performing.

It is important that the accident investigation
board work together to determine the root
causes of an accident. One of the board’s
primary responsibilities is to identify an
accident’s causal factors so that judgments
of need can be prepared and appropriate
corrective measures can be developed and
implemented. Therefore, all board members
must participate in the root cause analysis; it
cannot be left solely to a single member of
the board.

Root cause analysis can be performed
using computerized or manual techniques.
Regardless of the method, the intent is to
use a systematic process for identifying root
causes.

Manual methods include tier diagramming
and compliance/noncompliance. Each is
effective as a systematic method for
identifying root causes. However, the
compliance/noncompliance method reflects
the limited applicability of certain

techniques and underscores the need for the
board to select analytic methods
commensurate with the accident’s scope,
complexity, and severity.

Computerized techniques can be somewhat
more sophisticated and generally speed the
process of root cause identification. Itis
important to note, however, that
computerized techniques are dependent on
the quality and quantity of data input.
Moreover, at least one member of the board
should be very familiar with the software
package, including its limitations. An
overview of these methods is provided
below.

7.3.5.1 Tier
Diagraming

Tier diagraming is a technique used to
identify both the root causes of an accident
and the levels of line management that have
the responsibility and authority to correct
the accident’s causal factors.

|
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The board uses tier diagrams to
hierarchically categorize the causal factors
derived from the events and causal factors
analysis. A different diagram is developed
for each organization responsible for the
work activities associated with the accident.
Each diagram is divided into several tiers,
depending on the number of management
levels in the organization under
consideration.

The first diagram should focus on the
organization to which the persons (or
equipment) directly involved in the accident
belonged, usually a contractor or
subcontractor organization. The tiers for the
first diagram should represent levels of
organizational responsibility ranging from
the worker level to senior management, as
shown in the example tier diagram
worksheet in Table 7-7. If the accident
occurred during subcontractor activities, the
first diagram would be composed of the tiers
within the subcontractor’s organization. A
second diagram should then be developed to
represent the contractor organization for
which the subcontractor was working. A
third diagram should be developed to
represent the DOE line and oversight
organizations responsible for the
contractor’s (and subcontractor’s) activities.

In a series of steps, causal factors from the
events and causal factors chart are evaluated.
Each causal factor is assigned to a level of
management responsibility in the tier
diagram(s). Linkages among causal factors
are then identified and possible root causes are
developed. Review of the integrated safety
management core functions and guiding
principles assists in this synthesis.

Tier diagraming is helpful in identifying and
analyzing root causes because it:

m Helps the board organize and categorize
the causal factors identified on the
events and causal factors chart

m Provides a structured method for linking
causal factors into higher-level,

fundamental organizational deficiencies
(root causes)

m Provides a structured and repeatable
approach for assigning management or
oversight responsibility for each causal
factor

m Requires the board to assign
responsibility for causal factors, from
which appropriate judgments of need
can later be developed

m  Assists the board in visually and
physically organizing significant causal
factor data.

Before initiating a root cause analysis using
the tier diagram method, the investigator
should be satisfied with the results of the
events and causal factors analysis. In
addition, the board must have a solid
understanding of the line and oversight
organizations responsible for the activities
associated with the accident.

Getting started.Once the events and causal
factors analysis is complete, a number of
causal factors are noted on the events and
causal factors chart. These will be the input
to the tier diagrams and root cause analysis.
Provided below are step-by-step instructions
for completing the root cause analysis using
tier diagraming. Guidelines and other
reminders follow the instructions.

Step 1. Identify significant events/
conditions. Review the causal factors listed
on the events and causal factors chart to
focus only on significant events or
conditions (i.e., causal factors).

Step 2. Assign letter designatorsStarting
at the beginning of the chart, assign a letter
to each causal factor (A, B, C...) on an
adhesive note. Place the same letter
designator on the actual chart where that
causal factor is affixed.

Later, the analyst will remove the adhesive
notes and place them on the tier diagram.

Accident Investigation Workbook/Rev 2
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Table 7-7. Tier diagram worksheet for a contractor organizaiton.

Tier

Causal Factors

Root Causes
(Optional column)

Tier 5: Senior
Management

Tier 4: Middle
Management

Tier 3: Lower
Management

Tier 2:
Supervision

Tier 1: Worker
Actions

Tier 0: Direct
Cause
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By noting where the causal factor
originated, the analyst can easily return to
the event chain if a question arises during
the root cause analysis.

Step 3. Develop tier diagram framework.
Using Table 7-7 as a model, create a tier
diagram with the number of tiers
commensurate with the line organization
being examined. The grid can be drawn on
large butcher paper, a white board, or any
other large surface for displaying to the
board members. For the purposes of this
section, a typical contractor organization
with six tiers (0-5) is assumed. A review of
organizational charts, work control logs, and
other such documentary evidence may be
helpful in completing this step.

Step 4. Begin with Tier 0. Remove the
“direct cause statement” adhesive note and
place it in Tier O, “direct cause.” Remove
all other causal factor adhesive notes and
place them in Tier 1, “worker actions.”

Step 5. Evaluate Tier 1.Beginning with
causal factor “A,” ask whether the “worker
actions-Tier 1” is the organizational level
responsible for this causal factor; that is, can
this causal factor be attributed to the
worker(s) involved in the accident? Use the
sample questions listed in Table 7-8 as
guidance in completing this step. These
guestions were derived from the integrated
safety management framework and reflect
the typical responsibilities for developing
and implementing safety management
systems that are associated with each of the
management levels.

Step 6. Evaluate Tier 2.If the causal

factor can be attributed to the worker, ask
whether the causal factor is solely
attributable to the “worker actions” tier. Did
the worker’s supervisor have any
responsibility for this causal factor? If not,
leave the causal factor in Tier 1. If the
supervisor had any responsibility for this
causal factor, write a letter “A” in Tier 1 and
physically move the causal factor adhesive
note to Tier 2.

Step 7. Evaluate other tiers.Continue a
similar line of inquiry about the causal
factor at each successive tier until satisfied
that the causal factor is placed in the tier
commensurate with the highest level of
responsibility or authority for it. Again, as a
causal factor is moved to higher tiers, note
the letter designation in the tier from which
it is moved. For example, if responsibility
for causal factor “A” is found to reside with
upper management, the letter “A” should
appear in Tiers 1 through 4, with the actual
adhesive note placed in Tier 5. If
responsibility for the causal factor lies with
DOE line management or oversight, move
the adhesive note to the tier diagram(s) for
the DOE organizations involved.

Step 8. Repeat for each causal factor.
Repeat steps 5 through 7 for each causal factor
previously placed in Tier 1 of the diagram.

Step 9. Identify linkages. After arranging

all the causal factors on the tier diagrams,
examine the causal factors to determine
whether there is linkage between two or
more of them. For example, are two or
three causal factors similar enough to
indicate poor conduct of operations? Or
perhaps several causal factors are related to
a lack of worker training. If linkages exist,
group the adhesive notes at the highest level
where a linkage occurs (see Figure 7-10).
For example, if causal factors “B” and “F”

in Tier 3 are related to causal factor “H” in
Tier 4, remove “B” and “F” (noting their
location), and affix them to “H” in Tier 4.
Next, if one of the causal factors statements
accurately describes the commonality
among the grouped causal factors, let that
causal factor represent the grouping. If not,
write a causal factor statement that captures
the common theme of all the causal factors
in that particular grouping. This statement
becomes a potential root cause.

Table 7-8 and Appendix D provide typical
guestions to assist the board in identifying
safety management deficiencies that may have
played a role in the accident. If there are two
or more causal factors from the tier diagram
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Table 7-8. Example tier diagram approach.

Tier

Typical Integrated Safety Management
Responsibilities

Sample Questions to Assist in Assigning Causal Factors to
Management Levels

Tier 5: Senior
Management

e Develop safety policy

e Communicate policy and
expectations

* Prioritize activities and allocate
resources

e Oversee compliance with contract
terms and conditions

* Monitor safety performance

Did senior management establish safety policies and goals?
Were ES&H performance expectations for subcontractor
organizations clearly communicated and understood?

Was senior management proactive in assuring timely
implementation of integrated safety management by line
organizations, subcontractors, and workers?

Did senior management define and maintain clearly delineated
roles and responsibilities for ES&H to effectively integrate
safety into sitewide operations?

Was senior management involved in the sitewide prioritization
of work?

Was a process established to ensure that safety responsibilities
were assigned to each person (employees, subcontractors,
temporary employees, visiting researchers, vendor
representatives, lessees, etc.) performing work?

Did senior management hold line managers accountable for
safety performance through performance objectives, appraisal
systems, and visible and meaningful consequences?

Did senior management institutionalize the stop-work authority
philosophy?
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Table 7-8. Example tier diagram approach. (Continued)

Tier Typical Integrated Safety Management Sample Questions to Assist in Assigning Causal Factors to
Responsibilities Management Levels
Tier 4: Middle e Same as Senior Management with Did management implement policy through plans and programs
Management smaller span of control, e.g., a development?

facility, rather than an entire site

* Develop plans and programs to
implement policy

* Oversee problem identification/
corrective action processes

* Solicit and respond to feedback and
lessons learned

Was management aware of the status of plans and program
implementation?

When problems occurred, did management request feedback of
the nature of problems?

Did management have a system for monitoring and measuring
organizational performance?

Was stop-work authority communicated to the organization?
Was management involved in the development and
implementation of corrective actions?

Il ed
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Table 7-8. Example tier diagram approach. (Continued)

Tier

Typical Integrated Safety Management
Responsibilities

Sample Questions to Assist in Assigning Causal Factors to
Management Levels

Tier 3: Lower
Management

* Develop procedures to implement
plans and programs

* Ensure hazard awareness and
communication

* Qversee work planning and execution

* Solicit and use worker input

* Implement corrective actions

Were required procedures developed and kept current to assure
a safe worker environment?

Did management implement required programs for worker
safety?

Was management aware of problems regarding procedure
implementation and compliance?

Was management involved in the work planning, control, and
execution process?

Did management have a system for eliciting feedback on
work-related hazards?

Did management take timely corrective actions when problems
occurred or were identified?

Did management have a system for identifying and
disseminating work process lessons learned?

Was stop work authority defined for first line supervisors and
their staff?
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Table 7-8. Example tier diagram approach. (Continued)

Tier Typical Integrated Safety Management Sample Questions to Assist in Assigning Causal Factors to
Responsibilities Management Levels
Tier 2: * Control the work scope Were the supervisor’s work instructions adequate to allow the
Supervision * I|dentify hazards work to be performed safely?

* Implement hazard controls
e Authorize job/tasks
e Provide feedback and lessons learned

Was the work environment safe?

Were required procedures provided or communicated to the
worker by supervision?

Did the supervisor provide feedback to management on prior
incidents and/or safety concerns?

Did the supervisor discuss job hazards with the worker prior to
starting work?

Did the supervisor implement timely corrective actions based on
previous incidents?

Did the supervisor confirm the readiness to perform work prior to
the execution of work?

Did the supervisor provide the worker with the proper tools and
equipment to perform the work safely?

Did the supervisor define stop-work authority for workers?

Il ed
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Table 7-8. Example tier diagram approach. (Continued)

Tier

Typical Integrated Safety Management
Responsibilities

Sample Questions to Assist in Assigning Causal Factors to
Management Levels

Tier 1: Worker
Actions

* Maintain technical competence

* Perform work within controls

Identify hazards and report incidents
e Stop work, if necessary

Were the worker’s knowledge, skills, and abilities adequate to
perform the job safely?

Did the worker understand the work to be performed?

Were communications adequate to inform the worker of any
hazards?

Was the worker knowledgeable of the type and magnitude of
hazards associated with the work?

Was the work covered by procedures?

Was the worker trained on the procedures?

Did the worker have the right tools and equipment to perform the
job safely?

Did the worker have stop-work authority?

Did the worker understand she/he had stop-work authority?

Tier 0: Direct
Cause
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that relate to deficiencies in implementing a
specific core function or guiding principle,
consider developing a potential root cause
statement that describes the underlying
management system deficiency in terms of the
core function or guiding principle. For
example, several causal factors related to
deficiencies in skills, abilities, or knowledge
may indicate that line management has failed
to assure that worker competence is
commensurate with their responsibilities,
reflecting a failure to implement Guiding
Principle #3.

The board members should continue to
examine all of the causal factors until they
are satisfied that all applicable linkages
have been made.

Step 10. Identify root causes. Evaluate each

of the causal factor statements that now appear
on the charts. Compare each statement to the
definition of a root cause to determine whether
it appears to be a root cause of the accident.
This step will generally involve a great deal of
discussion among board members.

.|
TIP

If a causal factor does not meet the criteria
for a root cause; do nothing, it remains a

contributing cause of the accident.
1

If a causal factor (singly or representing a
group) meets the criteria for a root cause,
denote it as such either using the letters
“RC” (root cause) or by some other means.
You may find that you need to create a root
cause statement based on one or more
causal factors. If so, write a summary
causal factor statement and place it on the
appropriate tier. The board may choose to
add a third column, “Root Causes,” to the
tier diagram (Figure 7-10). The advantage
of adding this column is that moving the
root cause statements makes them stand out,
along with the associated level of
management responsibility.

The root cause analysis may reveal causal
factors that are not on the events and causal

factors chart. These should be added to both
the events and causal factors chart and the tier
diagram to assure that they are consistent and
reflect all of the causal factors as a basis for
root cause analysis.

Step 11. Simplify root cause statements.
There may be more than one root cause of a
particular accident, but probably not more
than three. If there are more than that at the
end of the tier diagram analysis, the board
should re-examine the list of root causes to
determine which ones can be further
combined to reflect more fundamental
deficiencies.

When the board is satisfied that the root
causes have been accurately identified and
the number of root causes is not excessive,
the root cause analysis is complete. The
board should capture the essence of the root
cause analysis for the accident investigation
report, noting the direct, contributing, and
root causes of the accident in order to
develop judgments of need.

Guidelines and Reminders:

m  Root causes may be found in any tiers
of any diagrams. However, they are
generally found in higher tiers because
that is where managers are most
responsible for directing and overseeing
activities.

m The root cause of an accident can be
found at the worker level of the tier
diagram if, and only if, the following
conditions are found to exist:

* Management systems were in place
and functioning, and provided
management with feedback on system
implementation and performance

* Management took appropriate
actions based on the feedback

* Management, including supervision,
could not reasonably have been
expected to take additional actions

|
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based on their responsibilities and
authorities.

m Root causes can be found at more than
one level of an organization. For
example, one root cause may be
attributable to Tier 3, while two other
root causes are attributable to Tier 5.

m Root causes are generally attributable to
an action or lack of action by a
particular group or individual in the line
organization.

m Each “corporate” organization is
considered separately for its
responsibility in the accident. For
example, in DOE, a management and
operating (M&O) contractor would be
considered as one organization, and
DOE would be considered as a second
organization. Consequently, the results
of one tier diagram may be the input of
another. For example, if the upper
management of an M&O contractor was
responsible for a particular root cause,
DOE may share responsibility for that
particular root cause—there may be a
deficiency in the directives given from
DOE, insufficient oversight, or some
other DOE responsibility that was
inadequately fulfilled.

7.3.5.2 Compliance/
Noncompliance

The compliance/noncompliance technique
is useful when investigators suspect
noncompliance to be a causal factor. This
technique compares evidence collected
against three categories of noncompliance
to determine the root cause of a
noncompliance issue. As illustrated in Table
7-9, these are: “Don’t Know,” “Can’t
Comply,” and “Won't Comply.” Examining
only these three areas limits the application
of this technique; however, in some
circumstances, an accident investigation
board may find the technique useful.

The basic steps for applying the compliance/
noncompliance technique are:

m Have a complete understanding of the
facts relevant to the event

m Broadly categorize the noncompliance
event

m Determine why the noncompliance
occurred (i.e., the subcategory or
underlying cause).

For example, investigators may use this
technigue to determine whether an injured
worker was aware of particular safety
requirements, and if not, why he or she was
not (e.g., the worker didn’t know the
requirements, forgot, or lacked experience).
If the worker was aware but was not able to
comply, a second line of questioning can be
pursued. Perhaps the worker could not
comply because the facility did not supply
personal protective equipment. Perhaps the
worker would not comply in that he or she
refused to wear the safety equipment. Lines
of inquiry are pursued until investigators are
assured that a root cause is identified.

Lines of questioning pertaining to the three
compliance/noncompliance categories
follow. However, it should be noted that
these are merely guides; an accident
investigation board should tailor the lines
of inquiry to meet the specific needs and
circumstances of the accident under
investigation.

m  Don’'t Know: Questions focus on
whether an individual was aware of or
had reason to be aware of certain
procedures, policies, or requirements
that were not complied with.

m  Can't Comply: This category focuses
on what the necessary resources are,
where they come from, what it takes to
get them, and whether personnel know
what to do with the resources when they
have them.

Accident Investigation Workbook/Rev 2
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Table 7-9. Compliance/noncompliance root cause model categories

Don’'t Know Can’t Comply Won't Comply
Never This is often an indication of Scarce Lack of funding is a common No An investigator may have to
knew poor training or failure in a resources rebuttal to questions regarding reward determine whether there is
work system to disseminate noncompliance. However, a benefit in complying with
guidance to the working level. resource allocation requires requirements or doing a job
decision-making and priority- correctly. Perhaps there is
setting at some level of no incentive to comply.
management. Boards should
consider this line of inquiry
when examining root causes
pertaining to noncompliance
issues.
Forgot This is usually a local, Don't This issue focuses on lack of No This issue focuses on
personal error. It does know how knowledge (i.e., the know-how penalty whether sanctions can
not reflect a systemic to get a job done). force compliance, if
deficiency, but may indicate a enforced.
need to increase frequency of
training or to institute
refresher training.
Tasks This is often a result of lack of | Impossibility | This issue requires Disagree In some cases, individuals
implied experience or lack of detail in investigators to determine refuse to perform to a

guidance.

whether a task can be
executed. Given adequate
resources, knowledge, and
willingness, is a worker or group
able to meet a certain
requirement?

standard or comply with a
requirement that they
disagree with or think is
impractical. Investigators
will have to consider this in
their collection of evidence
and determination of root
causes.
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®  Won't Comply: This line of inquiry
focuses on conscious decisions to not
follow specific guidance or perform to a
certain standard.

By reviewing collected evidence, such as
procedures, witness statements, and
interview transcripts, against these three
categories, investigators can pursue
suspected compliance/noncompliance issues
as causal factors.

Although the compliance/noncompliance
technique is limited in applicability, by
systematically following these or similar
lines of inquiry, investigators may identify
causal factors and judgments of need.

7.3.5.3 Automated
Techniques

Several root cause analysis software packages
are available for use in accident investigations.
Generally, these methods prompt the
investigator to systematically review
investigation evidence and record data in the
software package. These software packages
use the entered data to construct a tree model

of events and causes surrounding the accident.

In comparison to the manual methods of root
cause analysis and tree or other graphics
construction, the computerized techniques are
quite time-efficient. However, as with any
software tool, the output is only as good as the
input; therefore, a thorough understanding of
the accident is required in order to use the
software effectively.

Many of the software packages currently
available can be initiated from both PC-
based and Macintosh platforms. The
Windows-based software packages contain
pulldown menus and employ the same use
of icons and symbols found in many other
computer programs. In a step-by-step
process, the investigator is prompted to
collect and enter data in the templates
provided by the software. For example, an
investigator may be prompted to select
whether a problem (accident or component
of an accident) to be solved is an event or

condition that has existed over time. In
selecting the “condition” option, he or she
would be prompted through a series of
guestions designed to prevent a mishap
occurrence; the “event” option would
initiate a process of investigating an
accident that has already occurred.

1
TIP

Analytical software packages can help the
board:

Remain focused during the investigation
Identify interrelationships among data
Eliminate irrelevant data

Identify causal factors (most

significantly, root causes).
1

The graphics design features of many of
these software packages can also be quite
useful to the accident investigation board.
With little input, these software packages
allow the user to construct preliminary trees
or charts; when reviewed by investigators,
these charts can illustrate gaps in
information and guide them in collecting
additional evidence.

It is worth underscoring the importance

of solid facts collection. While useful,

an analytic software package cannot replace
the investigative efforts of the board. The
quality of the results obtained from a
software package is highly dependent on the
skill, knowledge, and input of the user.

7.4 Using
Advanced Analytic
Methods

The four core techniques can be effectively
applied to many investigations, but the
analysis of more complex accidents may
have to be supplemented with more
sophisticated techniques. These techniques
require in-depth knowledge and specialized
expertise beyond the scope of this
workbook. However, several are discussed
briefly here to ensure awareness of their
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applicability to the accident investigation
process. The chairperson, board members,
and any subject matter experts should
determine which methods to employ, based on
their familiarity with various methods and the
severity and complexity of the accident.

7.4.1 Analytic Trees

Analytic tree analyses are well defined, useful
methods that graphically depict, from
beginning to end, the events and conditions
preceding and immediately following an
accident. An analytic tree is a means of
organizing information that helps the
investigator conduct a deductive analysis of
any system (human, equipment, or
environmental) to determine critical paths of
success and failure. Results from this analysis
identify the details and interrelationships that
must be considered to prevent the oversights,
errors, and omissions that lead to failures. In
accident investigations, this type of analysis
can consist of both failure paths and success

paths, and can lead to neutral, negative, or
positive conclusions regarding accident
severity.

TIP
An analytic tree enables the user to:

m  Systematically identify the possible
paths from events to outcome

m Display a graphical record of the
analytical process

m |dentify management system weaknesses
and strengths

The analytic tree process begins by clearly
defining the accident; “branches” of the tree
are constructed using logic symbology.
Following is a summary overview of the
approach to constructing an analytic tree,
which is illustrated in Figure 7-11. It should
not be inferred that this is the only way to
construct or use analytic trees, since a
variety of analytic tree methods is available.

Figure 7-11. The analytic tree process begins with the accident as the top event.
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As the events at the bottom branches of

the tree become more specific, the causal
factors of the accident are developed. When
the event at the bottom contains no other
events that allowed it to occur, a decision
must be made regarding whether the event is
a causal factor or is not relevant to the
outcome of the accident (top event). When
processed through the logic gate, each
bottom tier should be necessary and
sufficient to lead directly to the failure or
success of the event on the next higher tier.

The steps required to prepare an analytic
tree are described below.

Step 1. Define the top event as the accident.
As in events and causal factors analysis, the
event should be defined as a single, discrete
event, such as “worker strikes 13.2 kV
primary feeder cable.”

Step 2. Acquire a working knowledge of the
accident effects, the work situation, and the
upstream processes that preceded them. A
comprehensive understanding of the
management system is also needed to
develop the tree.

Step 3. Based on the facts, postulate the
possible scenarios by which the accident
occurred. All accidents are complex events
that become interrelated to produce the
unwanted event (accident). This step should
force the investigator to analyze the facts of
the accident and try to visualize all possible
scenarios. As the investigation continues
and as new evidence is introduced, a
different scenario could develop. Before
the tree is constructed, it is important to
visualize it using different possible
scenarios consistent with the facts.

Step 4. Construct the analytic tree, starting
with the top event and using the proper logic
gates and symbols. The tiers beneath the top
event should explain the reason for failure

or success of that event. The proper use of
symbols and transfers is crucial to
understanding this graphic model.

Step 5. It is important for each board
member to validate the analytical tree for
completeness, logic, and accuracy. As new
facts and evidence are discovered, the tree
must be updated to reflect these changes.
The validation process should begin as soon
as the tree is constructed. The purpose of
this validation review is to confirm that:

m The tree meets its intended objectives

m  The management systems are fully and
clearly described

m Inputs to logic gates are necessary and
sufficient to logically produce the stated
output events.

Step 6. Each relationship between events
should be evaluated to determine the causal
factors of the accident (top event). As these
tiers flow down to the end events, the
specific events of the analytic tree will be
developed and will help describe why

the top event occurred, by organizing the
accident’s evidence in a way that helps the
board identify the accident’s causal factors.
Though the chart is highly structured,
identifying root causes is not a mechanical
process. Considerable reasoning and
judgment are required from the board to
determine root and contributing causes.

Step 7. Add to the analytic tree as new
evidence is acquired and new possible
scenarios are developed. The tree must be
a working analytical tool that will have
several iterations before the final tree is
developed. If new possible scenarios are
introduced, do not reject the scenario if it
does not fit the tree. It might be necessary
to construct a new tree for a new scenario.
It is important that all possible scenarios be
considered; they should be rejected only
because they do not fit the facts, not because
they are improbable.

Step 8. Through the iterative process of
fact-finding and analysis identify the causal
factors.

Accident Investigation Workbook/Rev 2
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The basic conventions for constructing an
analytic tree are to:

m  Use common and accepted graphic
symbols for events, logic gates, and
transfers. (Figure 7-12 displays the
symbols used in analytic trees.)

m The analytic tree should be constructed
as simply as the accident allows. The
tree should flow logically from the top
event to the more specific events. If an
event occurs that has no relevance to the
accident, a diamond symbol should note
that there is no further development of
this event.

m  Keep the tree logical. The tree should
be validated at each level to ensure that
each contributing event logically proceeds
to the top event. The lower-tier input
events should be only those that are
necessary and sufficient to produce the
next tier event. It is important for events
to logically flow to other events that are
supported by the facts.

m Use the proper logic gate that describes
the relationship between the events. The
proper selection and use of the logic
gates will identify the interaction
between lower-tier events and the top
event.

m The event descriptions should be
simple, clear, and concise. The
descriptions should be sufficiently
detailed and logical that they can be
understood without referring to another
section.

m The final analytic tree should be limited
in the number of tiers placed on a single
page. For legibility and readability, it is
best that only four or five tiers be placed
on a single page.

m  Use a common numbering system for
the events. Each event is identified by
the decimal numbering system. The

number of digits in the decimal event
numbering system should correspond to
the tier on which the event is located.
(For example, the fourth tier will

contain four digits.) This system for
numbering will uniquely describe an
event and systematically trace its
development through sub-branches and
branches to the first-tier event. Each
successively higher-level event can be
identified by dropping the last digit from
the number. For example:

Top Event
1 First Tier
1.1 Second Tier
1.1.1 Third Tier
1.1.1.1 Fourth Tier
11111 Fifth Tier

A modified decimal system for
numbering events can be adapted for
transfer symbols, beginning with the
letter designation for the transfer. If the
transfer letter is A, then the
corresponding numbers could be
A.1.3.2. The numbering system is the
same as the decimal system, with an
alphabetic symbol as the first digit
corresponding to the transfer. The
fourth subtier that is transferred would
be labeled as shown below:

D Transfer

D.2 First Subtier
D.2.2 Second Subtier
D.2.2.1 Third Subtier
D.2.2.1.2 Fourth Subtier

Use transfers to avoid duplication of
identical branches or segments of the
tree and to reduce single-page tree
complexity. Whenever two or more gate
output events have identical details in
the substructures contributing to their
occurrence, that substructure should be
constructed under only one of the output
events; it should then be transferred to
the others through the use of transfer
symbols. The event must be identical
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Figure 7-12. Analytic trees are constructed using symbols.

Rectangle (General Basic Event) - The primary building block for
analytic trees. Eventresulting from the combination of more
basic events acting through logic gates.

Circle (Basic Event) - The symbol used for the bottom tier of the
tree to indicate development is complete. Eventis not
dependent on other events.

Diamond (Undeveloped Event) - An event that is not further
developed either because it is of insufficient consequence or
because information is unavailable.

House or Scroll (External event) - An event that is normally
expected to occur. The house is used for analytic trees, and the
scrollis used for MORT.

Triangle - Transfer symbol.

> SO0

>
=2
O

AND Gate - All inputs are required to produce output.

OR Gate - Only one or any combination of inputs is required to
generate output event.

Ellipse (Conditioning Event) - Applies conditions or constraints
to basic logic gates or output events.

@.
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to be transferrable. Transfers should
also be used below the bottom-tier
events on a page to indicate continuance
of sub-branches of those events on other
pages. Whenever there is insufficient
space on a page to develop a branch
below an event at any level, a transfer
immediately below that event indicates
that the branch is developed on another

page.

m Do not number or letter logic gates;
use numeric and alphanumeric decimal
identification designations only for
events.

m  Follow the left-to-right convention of
indicating time sequencing or order of
performance for related events on a
single tier. It should also be apparent
that a higher-tier event has greater
significance (more impact on the top
event) and occurs later than the more
detailed contributory events located on
lower tiers within its branch.

Figure 7-13 shows an example format for
the layout of an analytic tree. Although
each accident will dictate its own shape, this
example displays all elements in an analytic
tree. Figure 7-14 is an example of a
completed analytic tree for a grinding wheel
accident. The lowest tier shows that the tool
rest was not set correctly, the operator did
not wear goggles, and the machine guard
was removed for convenience. This
example displays how the lower-tier
elements contribute (flow) to the top event.

7.4.2 Management
Oversight and Risk
Tree Analysis (MORT)

MORT—a comprehensive analytical tree
technigue—was originally developed for DOE
to help conduct nuclear criticality and

hardware analysis. It was later adapted for use
in accident investigations and risk
assessments. Basically, MORT is a graphical
checklist, but unlike the events and causal

factors chart, which must be filled in by
investigators, the MORT chart contains
generic questions that investigators attempt to
answer using available factual data. This
enables the investigator to focus on potential
key causal factors. The MORT chart’s size
can make it difficult to learn and use
effectively. For complex accidents involving
multiple systems, such as nuclear systems
failures, MORT can be a valuable tool but
may be inappropriate for relatively simple
accidents. MORT requires extensive training
to effectively perform an in-depth causal
analysis of complex accidents. If needed, the
MORT analysis is usually performed by board
members with substantial previous experience
in using the MORT techniques.

Thebenefitsof MORT are that it:

Uses the analytic tree method to
systematically dissect an accident

m  Serves as a detailed road map by
requiring investigators to examine all
possible causal factors (e.g., assumed
risk, management controls or lack of
controls, and operator error)

m  Looks beyond immediate causes of an
accident and instead stresses close
scrutiny of management systems that
allowed the accident to occur

m  Permits the simultaneous evaluation of
multiple accident causes through the
analytic tree.

In evaluating accidents, MORT provides

a systematic method (analytic tree) for
planning, organizing, and conducting a
comprehensive accident investigation.
Through MORT analysis, investigators
identify deficiencies in specific control
factors and in management system factors.
These factors are evaluated and analyzed to
identify the causal factors of the accident.

Detailed knowledge and understanding of
management and operating systems is a
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Figure 7-13. The layout of an analytic tree shows logical relationships.

TOP EVENT
(ACCIDENT)
AND
1 2 3
\ 2.1 \ 2.2 \ 2.3 | 24
A @ AND
| 221 2.2.2 | 223 | 241 2.4.2
g !
2.2.1.1 2.2.1.2 2.2.3.1 2.2.3.2
C

prerequisite to a comprehensive MORT
analysis. Therefore, it is most effective if
investigators have collected substantial
evidence before initiating the MORT
process. The management system data
required include procedures, policies,
implementation plans, risk assessment
program, and personnel. Information about
the facility, operating systems, and
equipment is also needed. This information
can be obtained through reviews of physical
evidence, interview transcripts, management
systems, and policies and procedures.

The symbols used on the MORT chart are
similar to those used for other analytical
trees. The symbols that differ for the
MORT chart are the scroll (“normally
expected” event) and the oval
(“satisfactory” event). The “normally

expected” event distinguishes events that
are typically a part of any system, such as
change and normal variability. The
“satisfactory” event describes events that
may be accident causal factors but are a
necessary part of the operation, such as
“functional” (part of the system) and people
or objects in the energy channel. In
addition to using the traditional transfer
symbol (triangle), the MORT chart includes
capital letters as drafting breaks and small
ovals as risk transfers.

The first step of the process is to obtain the
MORT charts and select the MORT chart for
the safety program area of interest evaluating
each event. Next, the investigators work their
way down through the tree, level by level,
proceeding from known to unknown. Events
should be coded in a specific color relative to

Accident Investigation Workbook/Rev 2
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Figure 7-14. A completed analytic tree shows the flow of lower-tier elements to the top event.

Wheel Fragment
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\ 1
Abrasive
Wheel
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Stress Limit
Exceeded

Tool Impressed Wheel
At Excessive Overspeed
Angle

‘ 1.2.1

1.2.1.1
Held At Tool Rest Not
Wrong Set Correctly

Angle

the significance of the event (accident). The
color-coding system used in MORT analysis is
shown in Table 7-10. An event that is
deficient, or less than adequate (LTA) in
MORT terminology, is marked red. The
symbol is circled if suspect or coded in red if
confirmed. An event that is satisfactory

is marked green in the same manner.
Unknowns are marked in blue, being circled
initially and colored in if sufficient data do not
become available, and an assumption must be
made to continue or conclude the analysis.

It is not useful to start on the first day by
marking everything as needing more
information (color-coded blue). Instead, start
marking the first MORT chart with red and
black for events where there is sufficient
evidence. ldeally, all blue blocks eventually
are replaced by one of the other colors;
however, this may not always be possible.

2 \

Operator’s
Eye Exposed

AND

\ 3. \
Operator’s Eye Operator in
Not Protected Front of Wheel

3.

‘ 3.1
Machine Eye
Shield
Removed

3.1.2.2

Removed
For
Operator
Convenience

Inadequate
Design

When the appropriate segments of the tree
have been completed, the path of cause and
effect (from lack of control by management,
to basic causes, contributory causes, and
root causes) can easily be traced back
through the tree. This becomes a matter of
following the red events through the various
logic gates. The tree highlights quite clearly
where controls and corrective actions are
needed and can be effective in preventing
recurrence of the accident.

Figures 7-15 through 7-17 show three
MORT charts. Figure 7-15 displays the
injury, damage, other costs, performance
lost, or degraded event. Figure 7-16
describes the incident, barriers, and persons
or objects. Figure 7-17 is an evaluation of
the management system factors.
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Table 7-10. MORT color coding system.

Color Code

Significance

The event is less than adequate. Corrective actions are needed.
All events colored red must be documented and supported with
facts and analyzed as potential causal factors of the accident.

7.4.3 Project
Evaluation Tree (PET)
Analysis

PET is an efficient means of performing an
in-depth analysis of an operation, project, or
system. This analytical tree method is best
suited for performing hazard and accident
analyses, but it can also be used to identify
preventive measures. PET was developed to
capture the philosophy and methodology of
MORT, but eliminate the complexity of the
more than 1,500 logic gates in MORT.

Using PET in an accident investigation
requires detailed information regarding

the various components of the system,
operation, or accident situation, such as
procedures, personnel, facilities, and
equipment. Using logic symbology, an
analyst traces each component of a system
through the tree’s branches to evaluate each
element as a potential causal factor.

PET is structured for evaluation and analysis
of procedures, personnel, and facilities/
hardware. (An example of a PET chart used
to analyze procedures is shown in Figure 7-
18.) PET analysis requires detailed
information on these three dimensions.

Green The event is satisfactory and adequate. Credible evidence must
support this event to ensure that no corrective actions need to be
identified for this event.

Blue The event has insufficient evidence or information to evaluate.
Additional facts or evidence must be collected to analyze this event.
Black The event is not applicable or relevant to the accident. The event

does not need any further investigation.

Evaluation of procedures requires procedural
instructions, reviews and safety evaluations,
work plans, work package instructions, and
other data. Personnel evaluation requires job
descriptions, organizational charts, training
records, course curricula, course materials,
interviews, and other data. If the accident was
facility- or hardware-related, then drawings,
procurement documents, specifications, test
plans, system safety plans, hazard analyses,
and budget data are required to conduct a
comprehensive PET analysis. The scope and
depth of the accident investigation dictate the
input requirements.

. __________________________________________________________________|

TIP

The key benefits of the PET analysis are that
it:

m  Provides a simplified approach that
applies the tenets of MORT

m Categorizes information into three main
branches—procedures, personnel, and
plant or hardware—enabling
investigators to examine the factors that
impact an accident relatively simply
and quickly.

Accident Investigation Workbook/Rev 2
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Figure 7-15. The initial MORT chart uses logic symbols.

A— DRAWING BREAK.

INJURIES, DAMAGE, TRANSFER TO SECTION OF

OTHER COSTS, FUTURE TREE INDICATED BY
PERFORMANCE LOST UNDESIRED SYMBOL IDENTIFICATION
OR DEGRADED EVENTS 1 LETTER-NUMBER.
T '
OVERSIGHTS
AND
OMMISSIONS

SIM R[]

WHAT HAPPENED? WHY?

SPECIFIC
CONTROLS
FACTORS LTA

MANAGEMENT
SYSTEM
FACTORS LTA

RISK
ACCIDENT AMELIORATION IMPLEMENTATION ASSESSMENT
LTA LTA SYSTEM LTA

SAL SA2 MA1 MA2 A3
A ¢ ¢

? Accident Investigation Workbook/Rev 2



Section 7 — Analyzing Data

Part Il

IVIILOVHdINI
J0Y1NOQ

3AISVAZ

VLT NOILOV

|

Vil

4:S

sd3lddve

TYNOILONNA

Vil

e

10

TOYLINOD

1VOILOVHd NI

104Y1NOD

MM 9ds “M sds HM ¥ds “M €as

“M cas

“M 1as

\2N| V11
S30INY3S V11 V1T V11 ALII8YY3dO VL1 SHALSAS
NOISIAY3dNS NOISIA¥3dNS NOILOAdSNI JONVNILNIVIN T¥NOILONNA NOILYINYOLNI
¥IHOIH ALITIOVH TVOINHOIL
f f f f f f
80S /as
m m e (s)mo4
AMW 10 ADYINT Y11 SY3NYY e
¢? Q3LNVMNN
FEELE 3aIn0¥d
JONVWYO4¥3d 1ON aia R
NS VL MO14 ADYIN
QILNVMNN )
ININOISNOD
2 1q e ﬁ 1os
a3Iv4 3781SS0d (S)MO 714 ADHINS MOT4 ADY¥INI
3snloNaia CEIRERE:| 3JWOH Q3ILNVMNN Q3ILNVMNN
1N303034d ININOISNOD
[
Lv3day 1v3d3y 1v3day
ﬂ ge q ze .ﬁ T8
T¥NOILONNA 30vdS ‘INIL $103r80 N3IMLIE 304N0S
31vyvd3s ‘SNOS¥3d NO ADYINT NO

€8s

T3INNVHO
A9d3INT
NI SLDO3rdo
‘SNOSH3d

cds

V11 sd3lddvd

b

1ds

LN3AIONI

1vs

1N3QI00V

"ueyd 1HOW © Uo umoys aq ued uonduosap juspiode ayl ‘9T-/ ainbi4

7-49

Accident Investigation Workbook/Rev 2



Section 7 — Analyzing Data Part 11

Figure 7-17. Management system factors can be shown on a MORT chart.
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Figure 7-18. This branch of the PET chart deals with procedures.
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The first step is to organize the data into
procedures, personnel, and facilities/
hardware. These data are then
systematically evaluated using the
appropriate PET chart. The next step is to
color-code the events. Red is used for
events that are less than adequate (LTA),
green for events that are satisfactory
(adequate), black for events that are not
relevant to the accident, and blue for areas
that need additional investigation or analysis
to reach a decision. (This color-coding
system is the same system used for MORT.)

After the chart is completed and the events
are color-coded, PET worksheets should be
used to evaluate each red item. A PET
analysis worksheet is provided at the end of
this section. This worksheet is similar to the
barrier analysis and change analysis
worksheets. It provides the basis for the
narrative summary of the analysis.

7.5 Other Analyitic
Techniques

Other analytic techniques may be used for
specific investigations, depending on the
nature and complexity of the accident.
Ultimately, the analytic techniques used in any
investigation should be determined by the
board chairperson with input from the board
members and advisors/consultants. To
conduct an effective and timely investigation,
the choice normally should be limited to the
techniques discussed above. However, if
warranted by the circumstances of the accident
investigation, experts in various analytic
methods may be called upon to use other
analytic techniques. It is also important for
investigators to understand that many of these
analytical processes may have been completed
prior to the accident and may be included in
authorization basis documentation (e.g., safety
analysis reports). This information is useful to
the board in developing and understanding its
own analysis of the accident. Following are
brief descriptions of additional analytic
techniques that might be used.

The list of techniques provided in this
workbook is not exhaustive. Other analytic
techniques that may yield important results
for a particular investigation may be
necessary and used at the board’s discretion.

Z.5.1 Time Loss
Analysis

Time loss analysis evaluates emergency
response performance. The basic
assumption of this technique is that every
accident sequence has a natural progression
that would occur without outside

intervention by emergency response
personnel (e.g., a fire would eventually burn
out without the aid of firefighters).

With this technique, the natural course of
accident events is plotted graphically against
time. A second line is plotted that shows the
positive effect of emergency responders on
the natural course of events (i.e., decreasing
the end-time of the accident). A second line
also can be plotted that displays emergency
response actions that made the natural
course of events worse or prolonged the
end-time of the accident (for example, by
contributing to additional injuries). This
technigue begins with the accident,
compares actual events and processes with
an ideal response process, and continues
until loss ceases.

Time loss analysis is not widely used in
accident investigations; however, it can be
useful in cases where additional response
activities could have decreased the severity
of the accident or where investigators
suspect that emergency response actions
were less than sufficient. Figure 7-19
displays a time loss analysis chart.

7.5.2 Human
Factors Analysis

Human factors analysis identifies elements
that influence task performance, focusing on
operability, work environment, and
management elements. Humans are often
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Figure 7-19. Time loss analysis can be used when emergency response is in question.

Natural
course of
fire
Loss Limit of
actual fire
damage
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damage
Time
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Fire Operator Automatic Emergency Fire
begins becomes sprinkler response department
aware of system team arrives
fire and response arrives
responds

the weakest link in a system and can be the
system component most likely to fail. Often
machines are not optimally designed for
operators, thereby increasing the risk of
error. High-stress situations can cause
personnel fatigue and increase the likelihood
of error and failure. Therefore, methods that
focus on human factors are useful when
human error is determined to be a direct or
contributing cause of an accident.

7.5.3 Integrated
Accident Event Matrix

An integrated accident event matrix
illustrates the time-based interaction
between the victim and other key
personnel prior to the accident and
between the emergency responders and
the victim after the accident. It analyzes
at what time key personnel performed
certain tasks both before and after the
accident. This technique complements
the events and causal factors chart, but is

more specific about the timing of accident
events; it is a simple and effective way to
develop the accident scenario around the
facts related to key personnel and
appropriate tasks.

7.5.4 Fallure Modes
and Effects Analysis

This method is most often used in the
hazard analysis of systems and
subsystems; it is primarily concerned with
evaluating single-point failures,
probability of accidents or occurrences,
and reliability of systems and subsystems.
This technique examines a system’s
individual subsystems, assemblies, and
components to determine the variety of
ways each component could fail and the
effect of a particular failure on other
equipment components or subsystems. If
possible, the analysis should include
guantified reliability data.

Accident Investigation Workbook/Rev 2
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7.5.5 Software
Hazards Analysis

This analytic technique is used to locate
software-based failures that could have
contributed to an accident. This technique
may be increasingly important in the future
as more operations and systems associated
with an accident become computerized and
therefore dependent on software.

7.5.6 Common Cause
Failure Analysis

Common cause failure analysis evaluates
multiple failures that may be caused by a
single event shared by multiple components.
Common causes of failures in redundant
systems are analyzed to determine whether
the same failure contributed to the accident.
The general approach to common cause
failure analysis is to identify critical systems
or components and then use barrier analysis
to evaluate the vulnerability to common
environmental hazards, unwanted energy
flows, and barrier failures. This method is
useful for accidents in which multiple
barriers failed and a common cause failure
contributed to the accident.

7.5.7 Sneak Circuit
Analysis

A sneak circuit is an unanticipated energy
path that can enable a failure, prevent a
wanted function, or produce a mistiming

of system functions. Sneak circuit analysis
is mainly performed on electronic circuitry,
but it can also be used in situations
involving hydraulic, pneumatic, mechanical,
and software systems. It identifies ways in
which built-in design characteristics enable
an undesired function to occur or prevent
desired functions from occurring. Its
importance lies in the distinction from
component failure. Sneak circuit failure
results from circuit design. Sneak circuit
analysis generally employs inductive
reasoning and is difficult to employ without
the appropriate proprietary software.

7.5.8 Materials and
Structural Analysis

Materials and structural analysis is used to
test and analyze physical evidence. This
technique has made significant contributions
to developing credible scenarios and
determining the cause of several accidents.
It is used whenever hardware, material
failure, or structural integrity is a possible
issue, but the cause of the failure is
unknown.

7.5.9 Design Criteria
Analysis

This method involves the systematic review
of standards, codes, design specifications,
procedures, and policies relevant to the
accident. This tool is useful in identifying
whether codes exist, how standards or codes
were circumvented, and codes or standards
that should be in place to prevent
recurrence. It can be used similarly to
change analysis to examine the accident to
determine whether work processes deviated
from existing standards, codes, or
procedures (i.e., was a piece of equipment
used properly as designed and specified?).

7.5.10 Accident
Reconstruction

Although not widely used in DOE accident
investigations, accident reconstruction may
be useful when accident scenes yield
sketchy, inconclusive evidence. This
method uses modeling to reconstruct the
accident-related equipment or systems

(i.e., from accident to pre-accident state).
Good reconstruction can be more accurate
than witnhess statements, because it applies
the laws of physics and engineering.

Z.5.11 Scientific
Modeling

Scientific modeling models the behavior of
a physical process or phenomenon. The
methods, which range from simple hand
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calculations to complex and highly
specialized computer models, cover a

wide spectrum of physical processes

(e.g., nuclear criticality, atmospheric
dispersion, groundwater and surface water
transport/dispersion, nuclear reactor physics,
fire modeling, chemical reaction modeling,
explosive modeling). For example, several
computer models have been developed to
predict the concentrations of hazardous
materials in the air at downwind locations
from a release. Such modeling is useful in
characterizing the consequences of an
accidental release of a hazardous material to
the atmosphere. Similarly, nuclear
criticality models (e.g., the SCALE package
or the KENO code) can analyze scenarios
that could lead to a critical configuration. In
the event of a nuclear criticality, such
models could be useful in understanding
how the event occurred and what factors
were important to the accident scenario
(e.g., the presence of “moderating” or
“reflecting” materials, such as water, can be
very important).

Although useful in some circumstances,
scientific modeling is not necessary for most

accident investigations. It is only performed
for accident scenarios involving complex
physical processes (e.g., nuclear criticality,
fires, “runaway” chemical reactions and
explosions) and is not normally needed for
typical occupational and industrial
accidents. When scientific modeling is
deemed appropriate, it should be performed
at the direction of technically competent
personnel (e.g., specialists, consultants, or
board members who have the requisite
technical backgrounds and familiarity with
the models being used).

All scientific models have inherent
assumptions and uncertainties that limit
their accuracy. The board should recognize
such limitations when considering the
results of scientific models during the
accident investigation process. Sometimes
the facility in which an accident occurred
may choose to perform scientific modeling
and may provide those results to the board.
In reviewing such results, the board should
validate whether it is appropriate to obtain
independent expertise to interpret the results
and determine the validity of the modeling
assumptions.
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Section 7 — Analyzing Data Part 11

KEey PoINTsS ToO REMEMBER

Determining Facts

Begin defining facts early in the collection of evidence.

Develop an accident chronology (e.g., events and causal factors chart) while
collecting evidence.

Set aside preconceived notions and speculation.

Allow the discovery of facts to guide the investigative process.

Consider all information for relevance and possible causation.

Continually review facts to verify accuracy and relevance.

Retain all information gathered, even that which is removed from the accident
chronology.

m Establish a clear description of the accident.

Analytical techniques are used to determine the causes of an accident. There are tijle
types of causal factors: tliirect cause, contributing causesandroot causes.

Conducting the Analysis
Four core analytic techniques are generally used in DOE accident investigations:

m Events and causal factors charting and analysisused to trace the sequence of
events and conditions surrounding an accident, as well as to determine the caus
factors

m Barrier analysis: used to examine the effectiveness of barriers (management an
physical) intended to protect persons, property, and the environment from unwa
energy transfers

m  Change analysis:used to examine planned or unplanned changes in a system a
determine their significance as causal factors in an accident

®  Root cause analysis:used to identify the causal factors, including management
systems, that, if corrected, would prevent recurrence of the accident.

Each of these techniques has strengths and limitations that should be reviewed bef
applying it to any given accident. However, the use of the core analytical technique
should be sufficient for most accident investigations. Other techniques are availablcgr
complex accidents or when there are special circumstances or considerations. So f
these techniques are MORT, PET, materials and structural analysis, design criteria
analysis, integrated accident event matrix, and scientific modeling. Other techniquegilire
available for complex accidents or special accident circumstances.
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Part Il

Section 7 — Analyzing Data

KEey PoINTS TO REMEMBER (CoNTINUED)

The following should be considered when performing analyses:

Chart events in chronological order, developing an events and causal factors ch
initial facts become available.

Stress aspects of the accident that may be causal factors.

Establish accurate, complete, and substantive information that can be used to
support the analysis and determine the causal factors of the accident.

Stress aspects of the accident that may be the foundation for judgments of need
future preventive measures.

Resolve matters of speculation and disputed facts through board discussions.
Document methodologies used in analysis; use several techniques to explore v
components of an accident.

Qualify facts and subsequent analysis that cannot be determined with relative
certainty.

Conduct preliminary analyses; use results to guide additional collection of evide
Analyze relationships of event causes.

Clearly identify all causal factors.

Examine management systems as potential causal factors.

Consider the use of analytic software to assist in evidence analysis.
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Barrier Analysis Worksheet

Hazard:

Target:

What were the barriers? How did each

barrier perform?

Why did the barrier fail?

How did the barrier
affect the accident?
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Change Analysis Worksheet

Factors What were the

barriers?

How did each
barrier perform?

Why did the barrier fail?

How did the barrier
affect the accident?

WHAT

Conditions, occurrences,
activities, equipment

WHEN

Occurred, identified,
facility status, schedule

WHERE

environmental
conditions

Physical location,

WHO

Staff involved, training,
qualification, supervision

HOW

Control chain, hazard
analysis monitoring

Other

I NOTE: The factors in this worksheet are only guidelines but are useful in directing lines of inquiry and analysis.

Il ed
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PET Analysis Worksheet

Prepared by:

Date:

Accident Investigation:

Item
[tem No. Evaluated

Pet
Event

Color

Problem/Comments

Responsible
Person/Agency

Status

Final
Completion
Date
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